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The circadian clock co-ordinates physiology and behavior with the day/night cycle. It consists of a
transcriptional–translational feedback loop that generates self-sustained oscillations in transcriptional
activity with a roughly 24 h period via E-box enhancer elements. Numerous in vivo aspects of core clock
feedback loop function are still incompletely understood, including its maturation during development,
tissue-speciﬁc activity and perturbation in disease states. Zebraﬁsh are promising models for biomedical
research due to their high regenerative capacity and suitability for in vivo drug screens, and transgenic
zebraﬁsh lines are valuable tools to study transcriptional activity in vivo during development.
To monitor the activity of the core clock feedback loop in vivo, we created a transgenic zebraﬁsh line
expressing a luciferase reporter gene under the regulation of a minimal promoter and four E-boxes. This
Tg(4xE-box:Luc) line shows robust oscillating reporter gene expression both under light-dark cycles and
upon release into constant darkness. Luciferase activity starts to oscillate during the ﬁrst days of
development, indicating that the core clock loop is already functional at an early stage. To test whether
the Tg(4xE-box:Luc) line could be used in drug screens aimed at identifying compounds that target the
circadian clock in vivo, we examined drug effects on circadian period. We were readily able to detect
period changes as low as 0.7 h upon treatment with the period-lengthening drugs lithium chloride and
longdaysin in an assay set-up suitable for large-scale screens. Reporter gene mRNA expression is also
detected in the adult brain and reveals differential clock activity across the brain, overlapping with
endogenous clock gene expression. Notably, core clock activity is strongly correlated with brain regions
where neurogenesis takes place and can be detected in several types of neural progenitors.
Our results demonstrate that the Tg(4xE-box:Luc) line is an excellent tool for studying the regulation
of the circadian clock and its maturation in vivo and in real time. Furthermore, it is highly suitable for
in vivo screens targeting the core clock mechanism that take into account the complexity of an intact
organism. Finally, it allows mapping of clock activity in the brain of a vertebrate model organism with
prominent adult neurogenesis and high regeneration capacity.
& 2013 Elsevier Inc. All rights reserved.Background
The circadian clock
The rotation of the earth around its axis results in a day/night
or light/dark (LD) cycle of 24 h. Organisms can anticipate these
cycles and the corresponding changes in environmental conditions
by means of a biological timer, the so-called circadian clockll rights reserved.
meis).(Dunlap et al., 2004). This molecular oscillator enables them to
prepare appropriate behavioral and physiological changes across
the day, such as the sleep/wake cycle or daily rhythms of hormone
secretion, metabolism and cell division (Bass and Takahashi, 2010;
Feng and Lazar, 2012; Prasai et al., 2011; Sehgal and Mignot, 2011;
Takahashi et al., 2008). The oscillator mechanism is self-sustained,
as it continues to function also when no time information can be
obtained from the environment, such as under constant darkness
(DD). The period length of the clock under these “free-running”
conditions is close to, but not exactly 24 h, which is why it is called
“circadian” (from Latin “circa”¼“around” and “dies”¼“day”). The
clock uses regular environmental time cues (“Zeitgebers”), mainly
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ambient 24 h LD cycle.
The molecular clockwork
The molecular mechanism of the vertebrate circadian clock is
based on transcriptional–translational feedback loops (Feng and
Lazar, 2012; Zhang and Kay, 2010). In the so-called “core loop” of
the clock mechanism (Fig. 1A), a heterodimer of Circadian Loco-
motor Output Cycles Kaput (CLOCK) and Brain and Muscle Arnt-
like protein (BMAL1) binds to E-box (CACGTG) regulatory elements
of target genes and activates their transcription. Among the
CLOCK–BMAL1 targets are also the Cryptochrome (Cry) and Period
(Per) genes. PER and CRY proteins undergo posttranslationalPer Cry
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Fig. 1. The Tg(4xE-box:Luc) line monitors core clock activity. (A) Scheme of the functional
gene expression by binding to E-box (grey squares, E) enhancer elements. In the core
cryptochrome (cry, orange hexagon) that inhibit Clock–Bmal function later during the day.
elements were cloned in front of a minimal promoter (TATA) of a luciferase reporter ge
mediated transgenesis (pA, polyA tag (blue); Tol2, Tol2 recognition site (green)). To mea
into 96-well plates and bioluminescence was monitored for several days with a biolumin
(B) and ka13b (C), showed robust rhythmic reporter activity upon light (L; yellow) dark (
larvae as indicated in the scheme. Error bars represent mean values 7SEM. (D) Relative r
illumination conditions. Rhythmic reporter activity begins at 1 dpf and continues under
When illumination conditions are switched from LD to DL at 132 hpf, bioluminescencemodiﬁcations and accumulate in the cytosol, then translocate into
the nucleus and inhibit transcriptional activation by the CLOCK–
BMAL1 complex. As a consequence, Per and Cry transcript and
subsequently protein levels fall. Together with the degradation of
PER and CRY by the 26S proteasomal pathway, this releases the
inhibition and starts a new cycle of transcription. The posttransla-
tional modiﬁcations of the feedback loop components have been
recognized in recent years as crucial players in the clock mechan-
ism (Brown et al., 2012; Mehra et al., 2009). Phosphorylation by
various kinases has been shown to inﬂuence period length of the
clock mechanism by regulating stability or nuclear translocation of
feedback loop components (Reischl and Kramer, 2011).
Importantly, cycling clock gene expression can be observed in
almost all tissues of the body, and autonomous clock-driven rhythmsTg(4xE-box:Luc)
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Tg(4xE-box:Luc)ka13b
principle of the 4xE-box:Luc assay. Clock (blue circle) and Bmal (purple circle) drive
feedback loop they bind to their own repressors period (per, green hexagon) and
To monitor core clock activity in vivo and in real time, four copies of E-box enhancer
ne cassette (yellow), and injected into zebraﬁsh to obtain a transgenic line via Tol2
sure reporter activity of the Tg(4xE-box:Luc) line, embryos/larvae were transferred
escence plate reader. ((B) and (C)) Two of a total of four Tg(4xE-box:Luc) lines, ka13a
D; white) cycle exposure. Traces indicate the mean of relative reporter activity of n
eporter activity of Tg(4xE-box:Luc)ka13b as detected over several days with different
constant darkness (white), demonstrating clock driven expression of the reporter.
rhythms adapt to the new cycle, illustrating entrainment of the clock reporter.
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(Andrews, 1971; Whitmore et al., 1998; Yoo et al., 2004) and even in
tissue culture cells (Balsalobre et al., 1998; Whitmore et al., 2000).
These “peripheral” clocks are coordinated by “central” pacemakers in
the brain, such as the suprachiasmatic nucleus (SCN) (Mohawk et al.,
2012; Saini et al., 2011) or also, in non-mammalian vertebrates, the
pineal gland (Falcon et al., 2010; Menaker et al., 1997). These central
pacemakers drive circadian changes in behavior and control the
circadian release of various systemic signals such as hormones.
Central and peripheral clocks together time the circadian changes
in physiology. At present, the precise mechanisms of cooperation
between these clocks and how the system matures during develop-
ment are only incompletely understood (Albrecht, 2012; Seron-Ferre
et al., 2012; Vallone et al., 2007).
The circadian clock and disease
As the circadian clock regulates many different physiological
processes, it is not surprising that perturbations of circadian
rhythms contribute to disease. For example, shift workers show
a higher risk to develop diabetes and cardiovascular diseases
(Scheer et al., 2009) or cancer (Pronk et al., 2010). Furthermore,
the circadian clock has also been linked with psychiatric diseases
(Wulff et al., 2010), and drugs used to treat bipolar disease and
depression such as lithium chloride (LiCl) have been shown to
modulate clock function (Li et al., 2012 and references therein). In
addition, the circadian clock also inﬂuences the biomodiﬁcation of
drugs. For example, it drives the circadian expression of detoxify-
ing enzymes in the liver and kidney (Gachon et al., 2006). The
growing research ﬁeld of chronotherapeutics tries to incorporate
circadian clock function into drug treatment schemes. One focus of
chronotherapeutics is the proper timing of drug application with
respect to the activity of detoxifying enzymes. This should opti-
mize drug efﬁciency and reduce side effects from high doses.
Another goal is to target cancer drug treatment to those times
when non-cancerous cells are least sensitive to their action and
thereby avoid unwanted side effects (Levi et al., 2010).
Drugs that inﬂuence circadian clock function are thus highly
sought after, since they hold the potential to mitigate unwanted,
disease-linked side effects of shift work or jet-lag. Furthermore,
they may provide a highly valuable tool for chronotherapeutics.
Several large scale screens for clock modulating compounds using
mammalian cell culture-based systems have recently been
reported (Chen et al., 2012; Hirota et al., 2010, 2012, 2008;
Isojima et al., 2009). These screens identiﬁed compounds that
acted on clock function by measuring compound effects on
luciferase reporter constructs driven by clock gene promoters.
While successful, such screens still suffer from the limitations of
the in vitro mammalian cell culture model. This includes potential
crosstalk of the drugs with the signaling pathways activated for
synchronization of the cells and a relatively rapid dampening of
reporter rhythms. Therefore, whole animal high throughput
screening systems, as provided by the zebraﬁsh (Lessman, 2011;
Peal et al., 2010), can complement these cell-based systems.
The zebraﬁsh as model for circadian clock studies
Zebraﬁsh are a popular model organism in developmental
biology because of their external fertilization, transparency of
their embryos and easy transgenesis (Nüsslein-Volhard, 2002).
Furthermore, they possess high regeneration capacity in various
organs, including the heart and the nervous system (Kikuchi and
Poss, 2012; Kizil et al., 2011). More recently, zebraﬁsh also gained
in importance for clock research (Vatine et al., 2011). In contrast to
the mammalian system, peripheral circadian clocks in this verte-
brate are directly light responsive and can be entrained simply bylight exposure (Whitmore et al., 2000). This circumvents the
relatively harsh treatments necessary to synchronize mammalian
cell clocks. The zebraﬁsh clock is already functional early in
development (Dekens and Whitmore, 2008; Vallone et al., 2007),
enabling the use of embryos and larvae for clock studies. Further-
more, their small size and the high offspring number makes the
larvae particularly suited for high-throughput compound screens,
which are relatively cheap due to the low maintenance costs of
zebraﬁsh. These in vivo screening assays have been used success-
fully to identify compound effects not accessible to cell based
systems (Burns et al., 2005; d'Alencon et al., 2010; Rihel et al.,
2010; Tran et al., 2007; Weger et al., 2012).
Here, we have developed a transgenic zebraﬁsh line to monitor
core clock activity in vivo and in real time. The Tg(4xE-box:Luc) line
expresses a luciferase reporter gene under the regulation of a minimal
promoter and four canonical E-boxes. It thereby provides a readout of
the transcriptional activity of the Clock–Bmal complex that is not
modulated by target gene-speciﬁc promoter elements. We show the
use of the line in monitoring the maturation of core clock activity
during development, and demonstrate that it can detect in vivo
effects of compounds on clock period. The Tg(4xE-box:Luc) line thus
represents an excellent tool for in vivo compound screens targeting
the function of the Clock–Bmal complex. Furthermore, we employed
the line to investigate core clock activity patterns in the adult
zebraﬁsh brain and detected extensive correlation with regions of
adult neurogenesis. Our results illustrate the widespread application
potential for the Tg(4xE-box:Luc) line in developmental biology, stem
cell research and chemical biology.Materials and methods
Zebraﬁsh husbandry
Adult zebraﬁsh (AB line, University of Oregon; Eugene, USA)
were raised and bred according to standard methods (Westerﬁeld,
2007). Adult animals used for in situ hybridizations on brain slices
were kept on a 12 h/12 h light–dark (LD) cycle at 28 1C. Fertilized
eggs were collected within 2 h of laying and transferred into
petridishes (10 cm diameter) containing E3 medium (5 mM NaCl,
0.17 mM KCl, 0.33 mM CaCl2) and the fungicide methylene blue
(1 mg/ml). Eggs from different spawnings were pooled prior to the
experiments.
Cloning of the pT2Luci:4x E-box construct
We previously reported a vector (pT2Luci:MCS) for Tol2
mediated transgenesis in the zebraﬁsh, consisting of a multiple
cloning site (MCS), a minimal TATA promoter and a luciferase
reporter gene (Weger et al., 2012). 5′ phosphate modiﬁed oligo-
nucleotides (Metabion international AG) containing four E-box
elements (Vallone et al., 2004) were annealed as described in
Weger et al. (2011) and subcloned into the XhoI site of pT2Luci:
MCS to generate the pT2Luci:4x E-box construct. Oligonucleotide
sequences were: sense: 5′-tcg atgaagcacgtgtactcggaagcacgtg-
tactcggaagcacgtgtactaggaagcac gtgtaa-3′; antisense: 5′-tcgatta-
cacgtgcttcctagtacacgtgcttccgagtacac gtgcttccgagtacacgtgcttca -3′.
Generation of the transgenic Tg(4xE-box:Luc) reporter line
The transgenic line was generated as previously described
(Weger et al., 2012), with minor modiﬁcations: Embryos injected
with the pT2Luci:4x E-box plasmid and Tol2 transposase mRNA
were entrained for 5 days on a LD cycle, then were screened for
rhythmic luciferase activity in constant darkness (DD) by visual
inspection of the traces recorded from single larvae (see below).
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ground in order to identify the founders and obtain the transgenic
F1 generation.
In vivo bioluminescence assay
For in vivo monitoring of luciferase activity under different
lighting regimes, fertilized Tg(4xE-box:Luc) eggs were transferred
immediately after spawning (0 dpf) into opaque 96-well plates
(♯6005299, PerkinElmer, one larva per well) containing E3 and
0.5 mM beetle luciferin (♯L-8220, Biosynth). Plates were sealed
with adhesive sealing sheets (♯6005185, TopSeal-A, PerkinElmer)
before being placed into an Envision Multilabel Plate Reader
(PerkinElmer) equipped with enhanced luminescence sensitivity
and a plate stacker automation system. The luminometer was kept
at 28 1C in a temperature controlled darkroom equipped with light
sources, which were connected to programmable timers in order
to create the different lighting conditions described in the results
section. For better illumination of the plates, each sample plate
was positioned beneath two transparent empty 96-well plates
(♯6005649, PerkinElmer). Each well was measured for 2.5 s, and
reading one plate took about 5 min. Measurements were taken
every 30–60 min, depending on the number of plates read.
For the developmental studies, embryos were treated with
different LD regimes in an incubator equipped with programmable
light sources (Binder, located in the same dark room as the
Envision Multilabel Plate Reader) at 28 1C before they were
released into DD to measure bioluminescence under free-
running conditions. The dark control was exposed to light for less
than 1 h (this was the time needed for harvesting and distributing
the eggs into the plate) and then immediately wrapped twice in
aluminium foil to prevent further light exposure of the embryos
before the measurements. Also the embryo plates that were
treated with a LD, DD, LD light regime were wrapped in alumi-
nium foil during the time of DD.
In order to study the period lengthening effects of lithium
chloride (♯3739.1, Carl Roth) and longdaysin (synthesized as
described in Hirota et al. 2010), embryos/larvae were ﬁrst
entrained under an LD cycle at 28 1C. At 4 dpf, the larvae were
transferred into 96-well plates as described above, and then were
treated on 5 dpf with different concentrations of either lithium
chloride (0–20 mM) or longdaysin (0–9 mM) before release into DD
to monitor reporter activity.
Bioluminescence recordings from organ cultures
Freshly dissected retinas, pineal glands and hearts from adult
Tg(4xE-box:Luc) ﬁsh were placed into single wells of opaque 96-
well plates ﬁlled with 250 ml Leibovitz's L-15 medium without
phenol red (Invitrogen), containing 17% (v/v) FCS (Biochrom),
antibiotics (100 U/ml penicillin/100 mg/ml streptomycin, 50 mg/ml
gentamicin, Gibco) and 0.5 mM D-Luciferin Fireﬂy, potassium
salt (♯L-8220, Biosynth). Bioluminescence was recorded as
described above.
Quantitative real-time PCR (qPCR)
Triplicates of 20 larvae were raised under LD cycles until 5 dpf,
then were sampled at ZT3, 9 15 and 21 in 1 ml TRIzol (♯15596-018,
Life Technologies), homogenized with micropistilles (♯0030120.973,
Eppendorf) and by passing the solution four times through a syringe
(Braun sterican, 0.4525 mm), then stored at −80 1C. RNA extraction
was carried out as recommended by the manufacturer. RNA (1 mg)
was reverse transcribed using random primers (♯48190-011, Life
Technologies) and SuperScriptIII reverse transcriptase (♯18080-044,
Life Technologies). mRNA levels of per1, bmal1 (arntl1a), cry2a andluciferase were determined by real-time qPCR (StepOne Plus, Applied
Biosystems) following the manufacturer's instructions. First-strand
cDNA aliquots from each sample served as templates in a PCR
reaction consisting of master mix, SYBR Green I ﬂuorescent dye
(Quiagen), and 500 nM gene-speciﬁc primers. Copy numbers were
normalized using β-actin controls. Primer sequences were: β-actin
fw: 5′-gcctgacggacaggtcat-3′, rv: 5′-accgcaagattccataccc-3′; per1b fw:
5′-ccgtcagtttcgcttttctc-3′, rv: 5′-atgtgcaggctgtagatccc-3′; bmal1 (arn-
tl1a) fw: 5′-tagagcgctgtttgctgatg-3′, rv: 5′-gacccgtggacttcagtgac-3′;
cry2a: fw: 5′-aaatctactgttgtggcccg-3′; rv: 5′tgccagtggtaacaggagtg-3′;
luciferase: fw: 5′-gtcttcccgacgatgacg-3′; rv: 5′-gtctttccgtgctccaaaac-3′.
Whole mount immunohistochemistry (WIHC)
To determine the spatial distribution of luciferase reporter gene
expression, Tg(4xE-Box:Luc) embryos/larvae (30 per sample) were
raised under a LD cycle at 28 1C. One day before sampling (at
4 dpf), the DD control was packed into aluminium foil, whereas
the LD samples were left in LD. Starting at 5 dpf, larvae were
sampled and ﬁxed in 4% PFA/PBS at ﬁve time points over 24 h
(ZT3–ZT3′ and CT3–CT3′). WIHC was carried out as described
previously (Inoue and Wittbrodt, 2011) using rabbit anti-
Luciferase (♯PM016, MBL; 1:4000 dilution) and Alexa Fluor488
goat anti-rabbit (♯A-11034, Life Technologies; 1:1000 dilution)
antibodies. Imaging was carried out with a stereo microscope
(Leica stereo MZ16F). Images were pseudocolorized with ImageJ to
plot luminescence intensity.
In situ hybridization and immunohistochemistry on adult zebraﬁsh
brains
The templates for the in situ probes were cloned as follows: PCR
was carried out with the following oligos: per1b, sense: 5′-
ctcgtgattatccagcagca-3′and antisense: 5′-agcaggtccagcagatcact-3′;
per2, sense: 5′-gacaggtcacgtctgaagca-3′ and antisense: 5′-ggaaca-
gaggtggagatgga-3′; per3, sense: 5′-ctcgtcctccacctcagaag-3′ and
antisense: 5′-ggttctggactcctggatca-3′; bmal1 (arntl1a), sense: 5′-
atggctgtccaacacatgaa-3′ and antisense: 5′-agtacgccaagatggctgtc-3′;
cry1a, sense: 5′-cgcgcatcgtatagacttca-3′ and antisense: 5′- tcca-
gatcgtagagcgtgtg-3′; luciferase1, sense: 5′-cgcatgccagagatcctatt-3′
and antisense: 5′-tcgcggttgttacttgactg-3′; luciferase2, sense: 5′-
cgcatgccagagatcctatt-3′ and antisense: 5′-atccagatccacaaccttcg-3′.
PCR products were subcloned into the pGEMT-Easy vector. The
clock3 probe was isolated in a large scale transcription factor
screen (O. Armant, U. Strähle, S. Rastegar, unpublished). Digox-
igenin labeled probe synthesis was done as described in Lam et al.
(2009). Fish were anesthetized with tricaine before being killed in
ice water, then ﬁxed in 4% paraformaldehyde. Brains were care-
fully dissected and kept at −20 1C in 100% methanol. In situ
hybridization was performed on vibratome brain slices (50 mm
thickness), and stained with NBT/BCIP solution as previously
described (Adolf et al., 2006; Chapouton et al., 2011). To control
for in situ hybridization speciﬁcity, sense and antisense probes
were hybridized (Supplementary Fig. 2). Staining reactions were
arrested earlier for the hybridizations shown in Figs. 6 and 7A than
for all other stainings in order to avoid saturation of the staining at
peak times of expression and reveal temporal differences in
intensity. Brain regions were identiﬁed and labeled following
Wullimann et al. (1996).
For co-staining of brain sections with anti-luciferase mRNA
probes and antibodies against PCNA and S100β, the in situ hybri-
dization signal was revealed using the tyramide ampliﬁcation
system according to manufacturer's instructions (TSA Plus Cyanine
3 System, Perkin Elmer). Brieﬂy, endogenous peroxidases were
quenched in 3% H2O2 in PBS, sections were incubated with anti-
digoxigenin-poly-POD antibody (1:1000, Roche) and stained with
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sections were next washed in PBS/0.1% Tween, then processed for
immunohistochemistry with anti-PCNA (Mouse, 1:500, DAKO) and
anti-S100β (Rabbit, 1:400, DAKO) antibodies. Primary antibodies
were revealed using Alexa Fluor 488 and 680 coupled secondary
antibodies (Invitrogen), respectively.
Confocal z-stacks through the entire section were acquired
using a laser scanning confocal microscope (Leica TCS2 SP5). In the
colocalization studies, all pictures represent a single 1.5-μm
confocal plane.Data and statistical analysis
Bioluminescence data from the Envision Multilabel Plate
Reader were analyzed with custom R scripts and visualized with
GraphPad Prism 5 (GraphPad Software, Inc.). In order to eliminate
data of non-transgenic and dead embryos/larvae, only biolumines-
cence traces above 20 cps at any time point of the measurements
were used. All data were background subtracted and normalized.
For the data shown in Fig. 1, the largest and smallest value of the
complete data set of each diagram was deﬁned as 100% and 0% rel.
reporter activity, respectively. For the data shown in Figs. 3 and 4,
this normalization method was applied to each individual
luminescence trace.
The period length of each larval luminescence trace was
retrieved by a ﬁt to a damped cosine curve using non-linear least
square ﬁtting with the CellulaRhythm R script (Hirota et al., 2008).
The script was modiﬁed to read in data from the Envision Multi-
label Plate Reader. Traces with a poor ﬁtting to the damped cosine
model were identiﬁed by manual examination and discarded from
further analysis.
Statistical analysis of period length differences between the
treatment groups was performed with one-way analysis of var-
iance (ANOVA) followed by Dunnett's posttest comparing each
sample group with the control group. RT-qPCR data was analyzed
similarly using ANOVA and Dunnett's posttest in order to compare
ZT3 and the other timepoints. Asterisks in the ﬁgures indicate
p-values of np≤0.05, nnp≤0.01 and nnnp≤0.001.Results
Generation of a transgenic core clock feedback loop reporter line
In order to create a zebraﬁsh in vivo reporter line for core clock
feedback loop activity, we applied a luciferase reporter vector
combined with Tol2 recognition sites for Tol2 recombinase-
mediated transgenesis (Weger et al., 2012). Four canonical
E-boxes (Vallone et al., 2004) were cloned upstream of the
heterologous minimal promoter (TATA) and the luciferase reporter
(Fig. 1A). Constructs containing these concatemerized E-boxes
mediate robust circadian reporter gene expression both in zebra-
ﬁsh tissue culture cells (Vallone et al., 2004) and when transiently
expressed in zebraﬁsh larvae (Weger et al., 2011). The construct
was injected into fertilized zebraﬁsh eggs, larvae were grown to
5 days post fertilization (dpf) and screened for rhythmic luciferase
activity on a luminescence plate reader. 39 larvae exhibiting
rhythmic expression were raised as potential founders. They were
outcrossed into wild-type ﬁsh and the progeny was again tested
for rhythmic luciferase activity. Larvae from four founders exhibit-
ing bioluminescence oscillations were raised to adulthood, yield-
ing the F1 generation of transgenic Tg(4xE-box:Luc) reporter ﬁsh.
Two independent lines, Tg(4xE-box:Luc)ka13a and Tg(4xE-box:Luc)
ka13b, which showed robust oscillations were picked for further
characterization.The Tg(4xE-box:Luc) line monitors core clock activity in zebraﬁsh
larvae
Single larvae from both lines were raised in 96-well plates under
a light/dark (LD) cycle and bioluminescencewasmonitored for 5 days
(Fig. 1B and C). Robust diurnal oscillations were observed starting on
the second day of development, with a peak in bioluminescence in
the early day. Importantly, peak phase and period length (as
determined by non-linear least square ﬁtting, τ¼23.870.5 for Tg
(4xE-box:Luc)ka13a and τ¼24.370.4 for Tg(4xE-box:Luc)ka13b) were
identical in both lines, indicating that the lines are not subject to
genome integration effects and faithfully report transcriptional
activity at the E-box enhancer elements. Since the lines show
identical properties, in the subsequent experiments only one line
(Tg(4xE-box:Luc)ka13b) was used. Bioluminescence started to rise
before the beginning of the light phase, indicating that the onset of
transcription from the E-box enhancer elements is not purely driven
by light. To demonstrate circadian regulation of the reporter, the
larvae were released into constant darkness (DD) after three light
phases at 60 h post fertilization (hpf), and oscillations continued
robustly with a period of 25.271.0 h (Fig. 1D, Fig. 3E), corresponding
to previously reported values for the zebraﬁsh clock (Cahill, 2002;
Kaneko and Cahill, 2005; Kaneko et al., 2006; Vallone et al., 2004).
Upon re-exposure to light/dark cycles with a 12 h-shifted phase (DL)
at 132 hpf, bioluminescence rhythms rapidly adapted to the new
environmental cycle, and bioluminescence peaks were in phase with
the DL cycle on the second day after the change (156 hpf). Thus, the
line reports the self-sustained circadian rhythms of transcription
which are a deﬁning property of the circadian oscillator, as well as its
entrainment by changes in the environment.
To demonstrate that the bioluminescence oscillations reﬂect
oscillations in luciferase mRNA expression that parallel those of
endogenous clock genes, we measured mRNA levels of the luciferase
reporter as well as of the core clock genes per1b, bmal1(arntl1a) and
cry2a in larvae sampled across the LD cycle by real-time quantitative
PCR (RT-qPCR, Fig. 2A). All clock genes exhibited the temporal
expression proﬁles known from the literature (Fig. 2A; (Amaral and
Johnston, 2012; Cermakian et al., 2000; Ishikawa et al., 2002;
Kobayashi et al., 2000; Lahiri et al., 2005; Vallone et al., 2004)).
Luciferase mRNA showed high levels at ZT3 and 21, paralleling per1b
expression and preceding bioluminescence activity for about 6 h.
This timing of luciferase mRNA expression roughly matches the 4-h
delay we previously determined between start of transcription and
bioluminescence production in a glucocorticoid responsive reporter
line (Weger et al., 2012). Overall, the concomitant oscillations of
endogenous clock gene mRNA expression and of the luciferasemRNA
further underline that the reporter line provides a faithful readout of
core clock activity.
We next asked whether the Tg(4xE-box:Luc) line detected core
clock oscillations ubiquitously, or whether oscillations were only
present in certain areas of the larvae. To this end, we ﬁxed 5 dpf-
larvae raised under an LD cycle at four different time points and
performed immunohistochemistry with an anti-luciferase anti-
body. Expression was observed in all areas of the larvae and
underwent diurnal changes in all tissues (Fig. 2B). Overall staining
intensity mirrored the phase characteristics of the biolumines-
cence values measured by the plate reader. We also observed
circadian changes in staining intensity when the ﬁsh were ﬁxed in
DD after entrainment by 5 previous LD cycles (Fig. 2C). Thus, the Tg
(4xE-box:Luc) reporter line functions as a global reporter of core
clock activity in the larvae.
Development of core clock feedback loop activity
We observed cycling bioluminescence under LD cycles already at
1 dpf and self-sustained reporter oscillations already at 3 dpf after
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Fig. 2. Spatiotemporal analysis of Tg(4xE-box:Luc) reporter activity in larvae. (A) mRNA expression levels as determined by RT-qPCR for the endogenous clock genes per1b,
bmal1 and cry2a as well as for the luciferase reporter in 5 dpf Tg(4xE-box:Luc) larvae under LD. Shown are also the levels of bioluminescence of 5 dpf larvae (n¼44) recorded
at the time points with the plate reader corresponding to mRNA analysis. ((B) and (C)) Luciferase expression shows diurnal (B) and circadian (C) changes across all tissues of
the larvae. Immunohistochemistry with an anti-luciferase antibody and an Alexa Fluor 488 labeled secondary antibody. Relative ﬂuorescence intensity is shown color coded.
Representative images of larvae sampled at 5 dpf at ﬁve different time points during LD (ZT3-ZT3′; B) or DD (CT3-CT3′; C) after a 4 day entrainment period. Scale bar, 1.0 mm.
M. Weger et al. / Developmental Biology 380 (2013) 259–273264three light phases (Fig. 1D). This is in perfect accordance with
endogenous zebraﬁsh clock gene expression patterns, which have
been observed already at day 1–2 of development in presence of
entrainment cues (Dekens and Whitmore, 2008). The robustness and
early onset of oscillations seen in our line enabled us now to
determine at which point of development LD cycles are able to
entrain robust rhythms of bioluminescence driven by the core clock
reporter construct. To this end, we subjected the embryos/larvae to
varying numbers of LD cycles during the ﬁrst three days of develop-
ment before releasing them into DD. As mentioned above, robust
cycling through to day 5 of development was observed when the
embryos were exposed to three LD cycles from 0 to 72 h of
development (Fig. 1D). Similarly robust rhythms were observed
when LD cycles were present only on day 1 and 3 of development
(Fig. 3A), indicating that the number of cycles experienced is less
important than the developmental stage at which the last cycle
occurs. Exposure of the Tg(4xE-box:Luc) embryos to only two LD
cycles still led to oscillations on the third day of development
(Fig. 3B), but the rhythms were less robust and dampened much
faster than those observed with an LD cycle at the third day of
development. This indicates that E-box-driven oscillations can be
elicited under LD cycles as early as 2 dpf, but that robust self-
sustained rhythms require light input on the third day of develop-
ment. When reducing LD cycle exposure further to the ﬁrst day of
development, we observed one prominent peak of bioluminescence
on day 2. However, this peak was followed only by a very ﬂat
oscillation on the next day, and no rhythm at all could be detected onthe following days (Fig. 3C). Also when embryos were placed into DD
immediately after laying, the recorded bioluminescence proﬁle is
very similar to the one seenwith one LD cycle (Fig. 3D). This indicates
that an LD cycle on the ﬁrst day of development is not sufﬁcient to
elicit robust oscillations. However, examination of individual traces
from this experiment reveals that while in most embryos the ﬁrst
peak around 28 h is not followed by a second oscillation (n¼19), in
some embryos a second (n¼4) and sometimes even a third peak
(n¼5) follow on the subsequent days. Importantly, these peaks are
not precisely in phase between the embryos.
In summary, it appears that core clock feedback loop activity
starts already during the second half of the ﬁrst day of develop-
ment. However, it requires entrainment signals on the second and
especially the third day of development to generate robust
oscillations. In the absence of such signals, weak bioluminescence
rhythms persist only in a minority of embryos.Core clock feedback loop reporter ﬁsh can monitor the effect of clock-
modulating compounds
Since the Tg(4xE-box:Luc) transgenic line allows monitoring of
core clock feedback loop activity in a living animal in microtiter
plates, we next asked whether the line could be used to detect
effects of clock-modulating compounds on the core clock feedback
loop in vivo. As a test substance, we chose the recently identiﬁed
longdaysin, which has a strong period lengthening effect both
n=28n=30
n=17n=23
light regime developmental window
period length 
 +/- stdev
60-132 hpf
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108-180 hpf
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24.3 ± 0.4 h
25.2 ± 1.0 h
24.9 ± 0.8 h
24.9 ± 0.9 h
Fig. 3. Robust rhythmic reporter activity can be detected starting at 3 dpf. ((A)–(D)) Embryos/larvae were treated with varying numbers of L(yellow) D(black) cycles during
the ﬁrst three days of development before releasing them into DD (black bars) to monitor reporter activity under free running conditions. Robust rhythmic reporter activity
can be observed at 3 dpf with two L phases from 0 to 12 and 48–60 hpf (A), whereas weaker rhythms can already be observed at 2 dpf after 2 LD cycles (B). Embryos treated
with just one L phase from 0 to 12 hpf (C) or placed into DD immediately after fertilization (D) showed one prominent peak of bioluminescence on day 2 of development,
followed only by a very ﬂat oscillation on the next day. Grey traces represent bioluminescence recordings of single larvae (n, number of larvae). Red traces represent the
mean of bioluminescence of all larvae. (E) Table summarizing the period lengths detected with the Tg(4xE-box:Luc)ka13b line determined in the experiments.
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et al., 2010).
Tg(4xE-box:Luc) larvae were raised under a LD cycle for 5 days.
On day 4, they were transferred into 96-well plates, and then
treated with 2 and 9 mM longdaysin on the following day.
Immediately after treatment, the plates were transferred into DD
and luciferase activity was measured over three consecutive days.
Fig. 4A shows the normalized luciferase activity traces of each well
per treatment condition (grey traces), with the peak activity set to
100% and lowest activity to 0%, as well as the mean activity across
the treatment (red trace). Period lengthening by longdaysin
showed a characteristic dose response curve, with the strongest
effect observed at 9 mM longdaysin (τ¼34.970.6 h; DMSO con-
trol: τ¼24.970.2 h; Fig. 4B). Larvae survived the treatment well
and showed no phenotypical changes (Fig. 4C). In order to explore
whether the line would also be able to detect more subtle effects,
we examined period lengthening by lithium chloride (LiCl, Hirota
et al. (2008)). Analogous to the longdaysin treatments, we sub-
jected larvae to 10 and 20 mM of LiCl and determined thebioluminescence oscillation period after release into DD. Whereas
10 mM of LiCl did not cause any detectable effect on the period,
20 mM signiﬁcantly lengthened the period for 0.7 h (Fig. 4D and E).
Also here, larval development and survival were not hampered by
these treatments (Fig. 4F). Thus, the Tg(4xE-box:Luc) reporter line is
able to detect also the rather minor circadian period changes caused
by LiCl, validating the line as a sensitive in vivo tool for compound
screens targeted at manipulating the core mechanism of the
circadian clock.
Core clock activity patterns in the adult zebraﬁsh brain
Next, we explored whether the line could also be used to
examine core clock function in adult tissues. In spite of the
growing interest in zebraﬁsh neurobiology and chronobiology
(Kizil et al., 2011; Rinkwitz et al., 2010; Vatine et al., 2011), only
very limited information is available on clock gene expression in
different regions of the adult zebraﬁsh brain (Cermakian et al.,
2000; Whitmore et al., 1998). In order to link clock gene
20 mM 
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Fig. 4. The Tg(4xE-box:Luc) line is able to detect compounds affecting core clock activity. To show that the Tg(4xE-box:Luc) line is a suitable tool for screens of small molecules
affecting the clock core loop, embryos/larvae were entrained over several days and then treated on 5 dpf with different concentrations of either ((A)–(C)) longdaysin
(0–9 mM) or ((D)–(E)) lithium chloride (LiCl; 0–20 mM). DMSO controls are identical for both treatments, and the data are shown both in panel A and panel D to allow for easy
comparison with the treatments. After the drug treatment, bioluminescence was measured under constant darkness to determine the drug effect on the clock period. The
results showed a dose dependent period lengthening of larvae treated with longdaysin with the strongest effect (τ¼34.970.6 h) observed at 9 mM longdaysin ((A) and (B)).
10 mM of LiCl did not cause any detectable effect on the period, while 20 mM signiﬁcantly lengthened the period for 0.7 h ((D)and (E)). Both drugs did not affect survival or
larval development ((C) and (F)). Scale bar, 1.0 mm. Error bars represent mean values 7SEM.
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brain expression of the luciferase reporter gene and of endogenous
clock genes by in situ hybridization (ISH).
In sections of the adult brain from Tg(4xE-box:Luc) transgenic
animals kept under LD cycles, we observed expression of the
luciferase reporter mRNA in numerous regions (Fig. 5A, Supplemen-
tary Fig. 1). The same expression pattern was observed with two
different antisense probes (data not shown), while a sense probe did
not yield any staining (Supplementary Fig. 2A). We notably detected
luciferase transcripts in the dorsal telencephalic area (D) and in the
ventral (Vv), dorsal (Vd) and central (Vc) nuclei of the ventral
telencephalon. More posteriorly, reporter expression was observed
in the posterior post-commissural nucleus of the ventral telencepha-
lon (Vp) and in the dorsomedian (Dm) and dorsolateral (Dl)
telencephalon. Expression was also detected in the anterior preoptic
area (PPa) of the diencephalon (Fig. 5A, Supplementary Fig. 1). In the
hypothalamus, expression was observed in the ventral (Hv) and
dorsal (Hd) periventricular zone and the corpus mamillare (CM). In
the mesencephalon, luciferase transcripts are detected in the peri-
glomerular gray zone (PGZ) of the optic tectum (TeO). Expressionwas
also seen in the torus longitudinalis (TL) and the valvula of the
cerebellum (VCe). Luciferase expression was particularly evident
along the ventricular/periventricular layers, but also in the parench-
yma, where the pattern was characteristic of neurons. Importantly,
examination of mRNA expression of a set of core clock feedback loop
components at times when they show elevated expression levels
(ZT3 for per1b, per2, per3, and cry1a (Kobayashi et al., 2000; Pando
et al., 2001; Vallone et al., 2004), and ZT9 for bmal1 and clock3
(Cermakian et al., 2000; Ishikawa et al., 2002)) revealed extensive
overlap with luciferase expression in all of these regions (Fig. 5A).
Thus, our data document widespread differential clock gene expres-
sion in the zebraﬁsh adult brain that is strongly correlated with
regions of core clock loop activity.
Next, we carried out a more detailed examination of the
temporal luciferase mRNA expression pattern. Staining of brain
sections from animals kept under an LD cycle and sacriﬁced at ﬁve
time points across the day revealed a peak in reporter expression
at ZT15/21 and lower levels at ZT3/9 in the different regions of
expression described above (Fig. 6, see also Fig. 7 and Supplemen-
tary Fig. 1). Thus, it appears that the E-box mediated transcrip-
tional activity of the reporter in the brain is advanced in phase
compared to the luciferase mRNA expression observed by RT-qPCR
in the larvae (Fig. 2A). We also analyzed the temporal expression
patterns for bmal1 and per1b in these regions (Fig. 6 and data not
shown). The timing of their expression matches previous reports
for brain tissue, with per1b peaking at ZT3 and ZT21 (Vallone et al.,
2004), opposite in phase to bmal1 at ZT9/15 (Cermakian et al.,
2000), and they are also in accordance with the phases observed in
the larvae (Fig. 2A). The respective phases of expression of the
reporter and the endogenous genes were similar between the
different brain regions. Thus, consistent with the function of the
corresponding proteins in the feedback loop, bmal1 expression in
both adult brain and larvae peaks at ZT9/15. Luciferase transcrip-
tion peaks at ZT 15/21 in the brain and at ZT3/21 in the larvae and
either parallels expression of per1b (larvae) or shows a 6 h phase
difference (adult brain; however, it cannot be completely excluded
that this discrepancy in peak times might be caused by the
different assays used). Interestingly, in cultured cells, luciferase
activity of a heterologous 4x E-box construct also showed a 6 h-
advance in peak phase compared with a per1b promoter-based
construct (Vallone et al., 2004). Taken together, it appears that
activity at the E-box enhancer elements can be modulated in a
tissue speciﬁc manner while maintaining the oscillatory reporter
expression.
In mammals, clock gene expression is particularly strong in the
central pacemaker structure, the SCN. Also in the zebraﬁsh, anucleus of the hypothalamus has been identiﬁed as the SCN
(Wullimann et al., 1996). Moreover, this structure is innervated
by projections from the retina, similar to mammals (Burrill and
Easter, 1994; Becker et al., 2000). However, data regarding circa-
dian function are currently lacking. To examine whether clock
gene expression is particularly strong in this structure also in the
zebraﬁsh adult brain, we carried out ISH for endogenous clock
gene expression and for luciferase reporter gene expression on
brain sections including this structure (Fig. 7). We stained sections
of animals ﬁxed at ZT3 and ZT15 for luciferase, per1b and bmal1
mRNA expression (Fig. 7A), and additionally examined mRNA
expression of cry1a, per2 and per3 at ZT3 and of clock3 at ZT9
(Fig. 7B). Expression of both the clock genes and the luciferase was
again found to overlap widely. It included the SCN, equivalent to
SC of Wullimann et al. 1996) of the hypothalamus as well as, in the
diencephalon, the posterior preoptic area (PPp), the ventral
habenular nucleus (Hav) and the ventromedial thalamic nuclei
(VM). The temporal relationship of luciferase, bmal1 and per1b
expression matched that seen in the sections shown in Fig. 6.
Interestingly, both the luciferase reporter and the endogenous
clock genes did not show signiﬁcantly stronger expression levels in
the SCN when compared with the other regions present in the
section, or with the brain regions shown in Figs. 5 and 6. Thus, the
SCN of the zebraﬁsh does not exhibit the strong clock gene
expression that is a hallmark of the mammalian SCN.
Core clock reporter activity can be monitored in adult tissue cultures
Given that the Tg(4xE-box:Luc) could be used to map clock activity
in sections of the adult brain, we next asked if it would be possible to
record core clock driven bioluminescence patters in real-time from
adult tissues. While we were not able to measure bioluminescence
from cultured whole adult telencephala for more than a few hours
(data not shown), we could record bioluminescence activity for at
least 6 days from two other neural structures, namely retina and
pineal gland, as well as from a peripheral organ, the heart (Fig. 8). For
all three organs, we observed peaks of bioluminescence in the early
light phase under LD cycles. This is highly similar to what was
observed in the larvae and indicates that the phase of reporter
expression in these adult tissues is not modiﬁed with respect to the
larvae. Bioluminescence oscillations persisted in DD and rapidly
entrained to a reversed DL cycle, just as observed in the larvae.
These results indicate that the Tg(4xE-box:Luc) line can serve as a tool
to study tissue-autonomous aspects of clock function in neural and
peripheral tissues in real time.
Core clock activity can be detected in progenitor cells of the
neurogenic regions of the telencephalon
Of particular interest, many of the brain regions where we
observe luciferase reporter expression also exhibit adult neuro-
genesis activity (Adolf et al., 2006; Grandel et al., 2006; Pellegrini
et al., 2007), notably the ventral and dorsal telencephalon, the
preoptic area, the hypothalamus and the valvula of the cerebellum
(Fig. 5A, outlined in Fig. 5B). Different types of neural progenitors
have been described in the zebraﬁsh telencephalon: type I cells are
quiescent radial glial cells, type II cells correspond to proliferating
radial glial cells, whereas type III cells express radial glial cell
markers at low levels (Type IIIa) or not at all (Type IIIb) (Marz
et al., 2010). In order to examine whether luciferase expression in
these areas included these neural progenitors, we performed ﬂuor-
escent in situ hybridization against luciferase mRNA followed by
immunohistochemistry for the radial glial marker S100β and the
proliferation marker PCNA (Fig. 9, Supplementary Fig. 3). While at
ZT3 luciferase expression is barely detectable (Supplementary Fig. 3),
at ZT15 strong expression is seen, especially in the zone adjacent to
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Fig. 8. Bioluminescence recordings from adult organ cultures. Examples of biolu-
minescence recordings from adult organ cultures maintained under the indicated
light (L; yellow) dark (D; white) cycle exposure schemes. Shown are representative
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peak phases during the early light phases, show continuous oscillations in DD and
rapidly entrain to a DL cycle.
M. Weger et al. / Developmental Biology 380 (2013) 259–273270the domain of S100β expression in the ventricular zone, where
newborn neurons are found (Fig. 9A and A′; arrows). Importantly,
luciferase transcripts were also detected in both proliferating
(S100β+, PCNA+) and non-proliferating (S100β+, PCNA−) radial glial
cells (Fig. 9A′ and B′). Luciferase is equally expressed in some S100β-
negative proliferating cells, which likely correspond to type III
progenitor cells (Fig. 9B″). Thus, it appears that the core clock
feedback loop is active in all known neural progenitor cell types in
the telencephalon.Discussion
We here present a transgenic zebraﬁsh luciferase reporter line
that visualizes circadian clock core feedback loop activity in vivo
and in real-time. By using a heterologous promoter construct with
concatemerized single E-box elements, the line avoids potential
gene-speciﬁc effects such as those observed with other clock
reporter constructs regarding light regulation (Vallone et al.,
2004; Vatine et al., 2009) or other, non-core clock mediated
regulation of clock gene expression. Glucocorticoid signaling is
an example for such gene-speciﬁc regulation: abolishing circadian
rhythms of glucocorticoid production ﬂattens per1, but not per2
mRNA oscillations in the mouse liver (Son et al., 2008), whereas in
certain regions of the limbic brain, PER2 protein oscillations are
dependent on glucocorticoids (Segall and Amir, 2010). While some
tissue speciﬁc modulation appears to occur also at the 4xE-box
reporter in the adult brain, potentially brought about by interac-
tions with brain-speciﬁc factors or epigenetic modiﬁcations, the
simplicity of the construct reduces the risk of reporting gene
speciﬁc effects unrelated to core clock oscillations. In addition, and
in contrast to a previously reported per3 promoter-based trans-
genic zebraﬁsh line, our Tg(4xEbox:Luc) line does detect early
developmental activity of the clock, in accordance with endogen-
ous clock gene expression-based ﬁndings (Dekens and Whitmore,
2008). The Tg(per3:luc) line detected robust circadian rhythms
only after day 6 of development (Kaneko and Cahill, 2005), and
only if the ﬁsh were exposed to LD cycles after day 3, thus much
later than the endogenous or the 4x E-box driven oscillations. This
may be due to gene speciﬁc differences in clock regulation at the
per3 promoter compared with our pure E-box reporter, or to an
overall lower sensitivity of the per3 reporter construct. The robust
early oscillations detected with our line should enable its use for
genetic screens targeting development and function of the core
clock feedback loop. Importantly, our Tg(4xEbox:Luc) line also can
detect relatively moderate yet signiﬁcant effects of compounds on
period length, such as a 0.7 h lengthening of the circadian period
by LiCl treatment. It thereby constitutes a simple, cheap, robust
and sensitive assay system for compound screens targeting the
circadian clock core feedback loop in vivo.
Our developmental observations indicate that the clock core
feedback loop is operative already on the ﬁrst two days of
development, but requires entrainment signals on day 3 for a
robust oscillator activity. In the absence of such signals, only a
minority of embryos show sustained oscillations. Dekens and
Whitmore (2008) reported maternal expression of per1b mRNA,
which is degraded during the ﬁrst day of development. It is then
replaced by zygotically transcribed per1b, reaching a constant level
of expression at 21 hpf in embryos raised in DD. Thus, the
prominent peak in E-box driven bioluminescence we observed
on day 2 even in constant darkness (Fig. 3C and D) most likely
reﬂects this ﬁrst wave of per1b expression, which would repress
Clock–Bmal driven transcription. However, in the absence of
further entrainment signals, this ﬁrst round of the feedback loop
apparently does not lead to continued oscillations (Fig. 3C and D).
Interestingly, even under an LD cycle, no oscillating expression of
the clock and bmal1 mRNAs themselves was observed in embryos
(Dekens and Whitmore, 2008), in contrast to older larvae, adult
tissues and cultured zebraﬁsh cells (Cermakian et al., 2000;
Dickmeis et al., 2007; Pando et al., 2001; Whitmore et al., 2000,
1998). This indicates functional differences in the circadian clock
feedback loops in early development compared with later stages
that may underlie the weak rhythmicity we observe during the
ﬁrst days of development. Strikingly, rhythmic mRNA oscillation of
the pineal enzyme zfaanat2 was found to be present at 3 dpf after
a single light pulse from 0 to 6 hpf (Ziv and Gothilf, 2006). Thus,
the pineal gland might more readily maintain early circadian
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Fig. 9. Radial glial and non-radial glial progenitors express the luciferase reporter. ((A) and (B)) Luciferase (red), S100β (green) and PCNA (blue) expression at two different
levels of the telencephalon at ZT15. ((A′), (B′) and (B″)) Higher magniﬁcations of the corresponding framed regions in A and B. Luciferase transcripts are abundantly detected
along the ventricular/periventricular layer (arrows in A and A′). Luciferase mRNA is notably expressed in S100β positive radial glial cells, both in proliferating (type II)
progenitors (higher magniﬁcation in B′, yellow spots show luciferasemRNA staining granules in one S100β+ cell) and in non-proliferating (type I) progenitors (arrows in B′). A
magniﬁcation of the framed region in B′ is shown with the three color channels separated as well as merged. At the rostral migratory stream-like strip (RMS), proliferating
S100β-negative cells (type III progenitors) also exhibit luciferase expression (arrows in B”). Dl, dorsolateral telencephalon; Dm, dorsomedian telencephalon; RMS, rostral
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33 mm; (B) 130 mm; (B′) 25 mm; (B″) 20 mm. All pictures shown represent a single 1.5 μm confocal plane.
M. Weger et al. / Developmental Biology 380 (2013) 259–273 271oscillations than the majority of the larval tissues. Many genes
related to clock function show strong expression in the pineal
gland (Ben-Moshe et al., 2010; Kakizawa et al., 2007; Vatine et al.,
2009; Ziv et al., 2005), and pineal tissue speciﬁc transcription
factors might interact with clock factors to generate these more
robust oscillations (Appelbaum et al., 2005). The Tg(4xEbox:Luc)
line now provides a tool to further explore these developmental
aspects of the clock system with respect to core feedback loop
function.
In many of the brain areas where we found E-box-driven
luciferase expression, oscillating clock gene or clock gene reporter
expression has been described in the mammalian system as well
(e.g. in the preoptic area, several hypothalamic nuclei, or the
habenula (Guilding et al., 2010), reviewed in Guilding and
Piggins (2007)). This raises the possibility that functions of clock
controlled gene expression in these brain regions might have been
conserved throughout the vertebrates. However, in contrast to
what is observed in mammalian brains, we did not detect a
stronger expression of clock genes or luciferase reporter expression
in the zebraﬁsh SCN. It has been proposed that non-mammalian
vertebrates possess a more distributed circadian organization than
mammals, with important pacemaker roles e.g. for the pineal
gland (Falcon et al., 2010; Menaker et al., 1997). It is also possible
that ﬁsh clock systems rely more upon direct light entrainment by
peripheral photoreceptors expressed in most tissues (Cavallari
et al., 2011; Whitmore et al., 2000). This would circumvent a need
for strong synchronizing signals from the SCN that may require
particularly strong clock rhythms in this structure. Interestingly,
under certain conditions, circadian rhythms in behavior and
physiology can also be observed in the absence of SCN function
in mammals: a food entrainable oscillator (FEO) regulatesrhythmic activity in response to restricted feeding schedules, and
a methamphetamine-sensitive circadian oscillator (MASCO) drives
rhythmicity in presence of methamphetamine (reviewed in Dibner
et al., 2010, Mistlberger, 2011). At present, neither the anatomical
location(s) nor the molecular basis of these oscillators are clearly
deﬁned, but they may involve core clock function in brain areas
outside the SCN (Mistlberger, 2011; Pendergast et al., 2012). Thus,
similar to what has been observed for peripheral organs, multiple
oscillators appear to interact in the generation of circadian
rhythms in the vertebrate brain (reviewed in Guilding and
Piggins, 2007).
Our luciferase and clock gene expression data also reveal a
conspicuous overlap of clock activity with regions of high prolif-
eration along the ventricular zones of the ﬁsh brain (Adolf et al.,
2006; Grandel et al., 2006; Pellegrini et al., 2007). Thus, we
observe a strong expression of clock genes and luciferase in the
neurogenic regions of the ventral and dorsal telencephalon, the
preoptic area, the hypothalamus and the valvula of the cerebellum.
Importantly, we observe luciferase expression in all three classes of
neural progenitors that have been described in the zebraﬁsh
telenencephalon. Circadian control of cell proliferation is one
prominent clock function (reviewed in Dickmeis and Foulkes
2011), and clock genes have recently been implicated in adult
neurogenesis in vitro and in vivo (Borgs et al., 2009; Kowalska
et al., 2010; Yagita et al., 2010). In vitro, ES cells do not have clock
activity, but upon differentiation into the more restricted neural
progenitor cells clock activity starts (Kowalska et al., 2010; Yagita
et al., 2010), consistent with our in vivo observation of E-box
driven luciferase expression in neural progenitors in the zebraﬁsh
brain. The zebraﬁsh with its high capacity for brain regeneration
(reviewed in Kizil et al. 2011) constitutes an ideal model system for
M. Weger et al. / Developmental Biology 380 (2013) 259–273272exploring circadian clock function in adult neurogenesis and
neural regeneration processes. Our mapping of core clock function
across the zebraﬁsh brain lays the basis for such studies.
In summary, the Tg(4xEbox:Luc) line provides a versatile tool for
chemical, developmental and stem cell biology studies of the
circadian clock in a vertebrate model system highly suitable for
in vivo studies. These properties are especially promising for
studies targeting the interplay of developmental and circadian
timing in adult neurogenesis and regeneration.Acknowledgements
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